HuR is a ligand for nuclear mRNAs containing adenylate-uridylate-rich elements in the 3-untranslated region. Once bound to the mRNA, HuR is recognized by adapter proteins that then facilitate nuclear export of the complex. In the cytosol, HuR is thought to function to control stability and translation of its ligand message. In the 3T3-L1 cells HuR is constitutively expressed and localized predominantly to the nucleus in the preadipocytes. However, within 30 min of exposure to the differentiation stimulus the HuR content in the cytosol increases, consistent with HuR regulating the availability of relevant mRNAs for translation. Using in vitro RNA gel shifts, we have demonstrated that the CCAAT enhancer-binding protein ␤ (C/EBP␤) message is a ligand for HuR. Within 2 h of initiation of the differentiation process, HuR complexes containing C/EBP␤ mRNA could be isolated from the cytosolic compartment. Importantly, the process appears to be highly selective, as cyclin D1, which contains a putative HuR binding site and is expressed on the same time frame as C/EBP␤, was not found in the immunoprecipitated messenger ribonucleoprotein complexes. The proximity of this event to adipogenic stimuli and the importance of C/EBP␤ to the differentiation process have led us to hypothesize a role for HuR in the regulation of the onset of adipogenesis. In support of this hypothesis, small interfering RNA suppression of HuR protein content resulted in an inhibition of C/EBP␤ protein expression and an attenuation of the differentiation process.
When confluent 3T3-L1 preadipocytes are treated with differentiation inducers, they synchronously reenter the cell cycle and undergo approximately two rounds of cell division as they enter a process that has become known as mitotic clonal expansion (1) (2) (3) . This increase in cell number and commitment to differentiation mimics the increase in adipose mass in obesity (4 -6) . In the 3T3-L1 preadipocytes, mitotic clonal expansion has been demonstrated to be required for terminal adipocyte differentiation (1, 2) , and a transcription factor expressed prior to the start of the process, C/EBP␤, 1 plays an essential role in the mitotic clonal expansion as well as in subsequent events in the differentiation program (7) (8) (9) . Transcription of the C/EBP␤ gene is increased shortly after exposure of the cells to the differentiation inducers, and the C/EBP␤ protein can be detected in the nucleus within 4 h (10). On termination of the mitotic clonal expansion phase, C/EBP␤ has been proposed to be responsible for the transactivation of C/EBP␣ and PPAR␥ genes, two transcription factors responsible for establishing and maintaining the adipocyte phenotype (11) (12) (13) (14) (15) (16) . As C/EBP␣ expression is increased, C/EBP␤ expression is attenuated (17) . Thus, C/EBP␤ plays a critical early regulatory role in the differentiation process.
HuR is an RNA-binding protein belonging to the Hu/ELAV family of mRNA-binding proteins and is expressed in adipose (this article), intestine, spleen, thymus, and testis with minor expression in liver and uterus (18, 19) . HuR contains a nucleocytoplasmic shuttling sequence and functions as an adapter protein in the nuclear export of mRNAs that contain adenylateuridylate-rich elements (AREs) in their 3Ј-untranslated regions (19 -22, 24) . Depending on the specific message, the nuclear HuR-containing messenger ribonucleoprotein (mRNP) is bound by APRIL and/or pp32 and then CRM1, which is recognized by a specific binding domain on the nuclear pore complex, facilitating nucleocytoplasmic transport. An alternative to the CRM1 route is mediated by transportin-2 binding to the HuR mRNA complex for exit through the nuclear pore (25, 26) . Once in the cytosol, HuR functions to stabilize mRNA ligands (27, 28) . Based on results obtained with the ectopic expression of the neuronal Hu family homolog HuB in both the 3T3-L1 adipocytes and human teratocarcinoma cells, HuR may also participate in control of translation initiation (29, 30) . The selection of ligands and the translocation of HuR to the cytosol has been proposed to be under tight control (31) . Identification of the specific signal involved has remained elusive, with the exception of lipopolysaccharide-stimulated macrophages in which methylation of specific arginine residues in HuR by the nuclear coactivator-associated arginine methyltransferase (CARM) appears to control the process (31) .
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‡ To whom correspondence should be addressed: Dept. expression of MyoD and myogenin mRNAs, known ligands for HuR (33) . Thus, it might be argued that HuR, by selecting specific mRNA ligands and controlling their expression, is capable of controlling critical events in the cell cycle as well as the differentiation process. In the current study we demonstrate that the C/EBP␤ message is a ligand for HuR and that the time frame for cytosolic translocation of the complex is consistent with an early regulatory event in the differentiation process.
EXPERIMENTAL PROCEDURES
Materials-Dulbecco's modified Eagle's medium was purchased from Invitrogen. Bovine calf serum and fetal calf serum were purchased from Hyclone Laboratories (Logan, Utah). The 3T3-L1 cells used in this work were obtained from Howard Green (Harvard University, Boston, MA). The BCA protein assay kit, the NE-PER™ cell fractionation kit, and the HALT TM protease inhibitor mix were from Pierce. The RNAqueous RNA extraction kit was from Ambion (Austin, TX). Reagents for molecular biology were purchased from Invitrogen. All other chemicals were of reagent grade and were purchased from Sigma-Aldrich. The 3A2 monoclonal antibody directed against HuR and the ␤-tubulin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) The mouse anti-Armenian and anti-Syrian hamster IgG1 monoclonal antibody used as an isotype control was obtained from BD Biosciences. Antibodies directed against C/EBP␤ were provided by M. Daniel Lane (The Johns Hopkins University, Baltimore, MD). The antibody against HnRNP70 was provided by Jack Keene (Duke University, Durham, NC). The siGENOME SMARTpool TM reagent and the siCONTROL TM non-targeting siRNA were obtained from Dharmacon (Lafayette, CO), Primers-The primers used for PCR were designed using the GCG program Prime. All sequences determined were subjected to a BLAST search to ensure selectivity of hybridization. These primers and their sequences were as follows: C/EBP␤, 5Ј-GCGGGGTTGTTGATGTTT-3Ј (forward) and 5Ј-CTTTAATGCTCGAAACGG-3 (reverse); cyclin D1, 5Ј-GCTTGACCTTTCCCAACCC-3Ј and 5Ј-TCACCTCTTCCCTCACA-TCC-3Ј (reverse); and GATA3, 5Ј-AGTGTGCGAAGAGTTCCTCC-3Ј (forward) and 5-TTTTTCACAGCACTAGAGACCC-3 (reverse). The T7 polymerase binding site was included in the double-stranded templates used in the preparation of riboprobes for RNA gel shift reactions by including the sequence 5Ј-GGAT CCTAATACGACTCACTATAGG-GAGCT-3Ј at the 5Ј-end of a forward primer.
3T3-L1 Cell Culture-3T3-L1 preadipocytes were cultured, maintained, and differentiated as described previously (29) . For experimentation, preadipocytes were harvested at 2 days post-confluence, and adipocytes were used at 8 days post-induction of differentiation. Differentiation was induced by exposure of the cells to isobutyl methyl xanthine, dexamethasone, and insulin in the presence of 10% fetal bovine serum. These additions will be referred to as the "differentiation inducers" throughout the text.
Isolation of Cytosolic and Nuclear Fractions-The NE-PER™ cell fractionation kit was used to isolate cytosolic and nuclear fractions from the 3T3-L1 cells as per the manufacturer's (Pierce) instructions with minor modifications. Briefly, 5-10-cm culture dishes were used as a source of material for the separation. In addition to the standard protease inhibitors, an RNase inhibitor was added to the lysate. Incubation time for the initial extract was increased from 10 to 15 min. Once the cytosolic fraction was isolated, the nuclear fraction was subjected to a brief centrifugation, and the interface was removed to reduce cytoplasmic contamination. The isolated fractions were stored at Ϫ80C o until use. Because of high salt concentrations, nuclear fractions were dialyzed prior to immunoprecipitation.
Immunoprecipitation of mRNP Complexes-The mRNP complexes from either nuclear or cytosolic fractions were immunoprecipitated and mRNA isolated using RNase-and DNase-free conditions by a modification of the protocol described by Tennenbaum et al. (34) . Protein ASepharose beads were resuspended overnight at 4°C in 10 ml of HNTM buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM MgCl 2 , and 1% Triton X-100). For immunoprecipitation, 200 g of cytosolic lysate or 100 g of nuclear lysate was utilized. Four samples were prepared for each immunoprecipitation, three for the isolation of RNA and one as a Western blot analysis control. Starting with the protein extract in HNTM buffer, the following were added to an RNase/DNase-free microfuge tube: Halt protease inhibitor (10 l), vanadyl ribonucleoside complex (10 l), 40 units/l RNase inhibitor (10 l), 0.1 M dithiothreitol (1 l), and 0.5 M EDTA (33 l). The antibody was then added; for the isotype control, anti-Armenian/anti-Syrian hamster IgG1 monoclonal antibody was used, and, for HuR, monoclonal 3A2 was used. Finally, the appropriate volume of lysate was added and the mixture rotated for 3 h at room temperature followed by the addition of protein A-Sepharose beads with continued mixing for an additional 2 h at room temperature. This was followed by two washes with HNTM buffer alone. The mixture was then centrifuged (13, 200 rpm at 4°C) and washed three times with cold 1 M urea in HNTM buffer. One of the samples was taken at this time for the Western analysis control, and RNA was extracted from the remainder using the Ambion RNAqueous kit as per the manufacturer's instructions. Extracted RNA was stored at Ϫ80°C.
Western Blot Analysis-Western blot analysis was performed as detailed previously (36) . Because of the disparity in nuclear versus cytosolic HuR concentrations, 5 g of nuclear protein and 25 g of cytosolic protein were used for Western blot analysis.
RNA Gel Shift Analysis-Radiolabeled probes were prepared from double-stranded constructs containing the T7 polymerase promoter using the Ambion RNA probe synthesis and removal kit as per the manufacturer's instructions. The probe was gel-purified and used for gel shift assays at ϳ100,000 cpm of probe per assay. Approximately 2 g of either cytosolic or nuclear protein was incubated with the probe in the presence of binding buffer (10 mM Hepes, pH 7.6, 3 mM MgCl 2 , 40 mM KCl, 5% glycerol, and 1 mM dithiothreitol) for 30 -60 min. If supershifts were being carried out, the antibody (1 l) was added at this time and the binding reaction was continued for an additional 30 min at room temperature. At the end of the binding reaction heparin was added to a final concentration of 1 mg/ml, and the incubation was continued for a final 10 min at room temperature. An equal volume of 2ϫ native gel sample buffer (100 mM Tris-HCl, 10% glycerol, and 0.0025% bromphenol blue, pH 8.6) was added to the reaction mixture. The gels were pre-run for 30 min at 250 volts, and then the sample was loaded and complexes were formed separated on a native 4% acrylamide gel in 1ϫ Tris borate-EDTA. Gels were dried under vacuum and exposed to x-ray film.
siRNA Treatment of the 3T3-L1 Preadipocytes-Transfection of the cells was performed using Dharmacon siGENOME SMARTpool TM reagent (catalog number M-053812-00-0020), a four-siRNA oligo system designed specifically for HuR (mouse ELAV1; GenBank TM accession number NM_010485) by Dharmacon. Briefly, preadipocytes in 12-well plates at ϳ80% confluency were transfected with siRNA using Lipofectamine 2000 as a carrier according to manufacturer's instructions. Two control transfections were carried out, one with Lipofectamine 2000 alone and the other with Dharmacon siCONTROL non-targeting siRNA TM four-oligo pool (Sc) (catalog number D-001206-13-05). The cells were exposed to the transfection mixture for 6 h, at which time the transfection medium was replaced with Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Twenty-four hours after removal of the transfection media, two monolayers of each treatment group were trypsinized and combined to generate an immediately confluent monolayer, essential for differentiation. Eighteen hours later (48 h after the initial transfection), the cells were exposed to the differentiation protocol. Cells were then analyzed for acquisition of the adipocyte phenotype. Fig. 1A demonstrate the constitutive expression of HuR in 2-day post-preadipocytes and fully differentiated (day 8) adipocytes as well as the effectiveness of the Pierce NE-PER TM kit for cytosol versus nuclear separation. For this analysis, 5 g of nuclear and 25 g of cytosolic extract were separated, blotted, and probed with antibodies directed against HuR, HnRNP70, and ␤-tubulin. The later two were used as markers for nuclear and cytosolic compartments. It should be noted that the decrease in ␤-tubulin with differentiation (seen in Fig. 1A ) has been reported previously (37) .
RESULTS

HuR Is Constitutively Expressed in the 3T3-L1 Cells-The results displayed in
In Fig. 1B , 10 g of protein were utilized for the analysis of both compartments. The data demonstrate that HuR is expressed in the preadipocytes with expression increasing ϳ3-fold as the cells differentiate. Notable is the increased presence of HuR in the cytosol with respect to differentiation. Analysis of three separate experiments indicates that in the preadipocytes ϳ15 Ϯ 5% of the total HuR resides in the cytosol, whereas in the fully differentiated adipocyte cytosolic HuR represents 40 Ϯ 8% of total cellular HuR. We note that because we are comparing 2-day post-confluent (day 0) preadipocytes with fully differentiated adipocytes in Fig. 1B , no marker protein is utilized for normalization. The protein content of the markers changes significantly during the differentiation process.
We then determined the time frame for HuR movement to the cytosol. Cytosolic fractions were prepared and assayed by Western blot analysis for the presence of the HuR protein with respect to the time after exposure of the preadipocytes to the differentiation inducers. As shown in Fig. 2 , in the preadipocytes (2 days post-confluence, day 0/time 0) HuR is detectable in the cytosol. However, within 30 min after initiation of differentiation, the cytosolic content increased by 30%. Over the next 48 h the cytosolic content of HuR attained a maximum 45% increase over the preadipocyte content. (quantification of HuR movement was performed using a Kodak Gel Logic 100 imaging system and normalized to the ␤-tubulin levels.) The increase was maintained through day 8, when the cells were considered to be fully differentiated (data not shown). Thus, HuR exits the nucleus early and establishes a new equilibrium distribution between the nucleus and the cytosol and maintains that distribution in the terminally differentiated adipocyte. Note that the cytosolic marker ␤-tubulin, the concentration of which does not change during the time frame of the experiment, demonstrates even loading of the samples.
The C/EBP␤ mRNA Is a Ligand for HuR in Vitro-The rapid translocation of HuR to the cytosol after the addition of differentiation inducers to the culture suggested that it might be involved in a critical early event in the differentiation process.
Focusing on the role of HuR in the movement of specific mRNAs from the nucleus to the cytosol, we began to look for potential mRNA ligands.
Cole et al. (10) demonstrated that the C/EBP␤ protein can be found in the nucleus within 4 h of the addition of the differentiation inducers to the 3T3-L1 preadipocytes. This would suggest that the C/EBP␤ message must exit the nucleus shortly after the addition of the differentiation inducers. If formation of a HuR complex with the C/EBP␤ message is obligatory for translocation to the cytosol, both HuR and C/EBP␤ mRNA should be observed moving to the cytosol rapidly after the addition of the inducers.
Examination of the C/EBP␤ sequence demonstrates the presence of an ARE in the 3Ј-UTR (Fig. 3A) that might serve as a potential binding site for HuR. Cytosolic extracts were prepared from fully differentiated adipocytes, and the RNA gel shift assays performed using a radiolabeled probe corresponding to the ARE are shown in Fig. 3A . As shown in Fig. 3B , lane 2, in the presence of added protein the probe was shifted to a higher molecular sized complex consistent with formation of a protein-RNA complex. Addition of an HuR antibody resulted in a supershift (Fig. 3B, lane 3) , confirming the presence of HuR in the complex. No shift was observed when antibodies against either AUF1 or HuB were used in the supershift assay. In Fig.  3B , lane 4, a 50-fold excess of unlabeled probe was used to compete for HuR binding. Thus, in an in vitro assay HuR forms an mRNP complex with the ARE from the 3Ј-UTR of C/EBP␤.
Rapid Formation of Nuclear HuR-C/EBP␤ Complexes and Their
Translocation to the Cytosol-To determine whether the C/EBP␤ message was present in an mRNP complex with HuR, immunoprecipitations were performed on both nuclear and cytosolic extracts prepared at 0 and 30 min after the addition of the differentiation inducers. As shown in Fig. 4A , Western blot analysis indicates that the HuR protein was detected in the nuclear fractions at both time points. However, the decreased nuclear presence of the HuR protein 30 min after induction of differentiation is readily apparent. Analysis of the mRNA present in the immunoprecipitated mRNP complex shown in Fig.  4B , indicates that, prior to the addition of the differentiation inducers, HuR-C/EBP␤ complexes could not be detected. However, within 30 min of addition of the inducers C/EBP␤ mRNA was found to be present in the immunoprecipitated complex. Examination of the cytosol for the presence of these complexes over the same time period demonstrates the presence of HuR protein in the cytosol (Fig. 4C ) with an increase detectable at 30 min after the induction of differentiation, consistent with translocation. In Fig. 4D the presence of the C/EBP␤ mRNA in the immunoprecipitated complex at the 30-min time point is demonstrated. The data presented in Fig. 4 support a model in which treatment of the preadipocytes with the differentiation inducers results in formation of a HuR-C/EBP␤ message complex in the nucleus. This is followed by translocation to the cytosol and represents a very early event in the differentiation program. Examination of the translocation at later time points (Fig. 5) indicates the presence of C/EBP␤ mRNA in the complex at 2 h, with a stronger signal evident at the 48-h time point. By day 8 after induction, a HuR-C/EBP␤ complex can no longer be detected, consistent with diminished expression of the transcription factor (data not shown).
To assess the specificity of the selection of the C/EBP␤ message by HuR, we examined for the presence of cyclin D1 mRNA in the immunoprecipitates. Cyclin D1 was selected because it has a strong ARE in the 3Ј-UTR and is expressed during the differentiation program on the same time frame as C/EBP␤ (38) . In addition, we examined for the presence of GATA-3 mRNA, a message containing no ARE. Neither cyclin D1 nor GATA3 mRNA were detected (data not shown). The data demonstrate a highly regulated HuR selection of the C/EBP␤ mRNA as a very early event in the differentiation process.
Effect of HuR Depletion on Adipocyte Differentiation-Using Dharmacon SMARTpool
TM four-oligo siRNA technology, we developed an approach to suppress HuR protein content in the 3T3-L1 cells. The study used two controls, our transfection agent, Lipofectamine 2000, alone, and a Dharmacon non-targeting four-oligo pool (Sc). As detailed under "Experimental Procedures," cells at 80% confluency were transfected with 100 nM oligo for 6 h, at which time the media was replaced with Dulbecco's modified Eagle's medium plus 10% fetal bovine serum. Twenty-four hours later, two monolayers were combined to generate one confluent monolayer, which was absolutely essential for induction of differentiation. Eighteen hours later (48 h after the initial transfection), the cells were exposed to the differentiation inducers. Preliminary experiments demonstrated that HuR protein levels at the time of treatment with the differentiation inducers were decreased by 70 Ϯ 12% (n ϭ 4) relative to the controls. HuR content remained decreased for at least 5 days, at which time HuR protein began to increase gradually as the long term effectiveness of the treatment diminished by day 10. The observed phenotype is presented and characterized in Fig. 6 . The data presented in Fig. 6, A and B display the results of monitoring the cells for the appearance of morphological differentiation. At 5 days post-induction of differentiation, both Lipofectamine 2000 and Sc controls were accumulating lipid droplets as demonstrated by phase-contrast microscopy of both unstained (Fig. 6A) and Oil Red O-stained cells (Fig. 6B) . The decreased magnification of the Oil Red O-stained cells represents a larger field and demonstrates the uniformity of the lipid accumulation in the controls. However, the cells treated with HuR siRNAs retained the preadipocyte morphology at this time. In companion day 5 monolayers treated identically to those displayed in Fig. 6, A and B, Western blot analysis was performed for HuR and C/EBP␤ (Fig. 6, C  and D) . The data displayed in Fig. 6C demonstrate a 65% suppression of HuR protein relative to both Lipofectamine 2000 and Sc controls. Similar results were observed with C/EBP␤ (Fig. 6D) , where the protein content of both the liver-activating protein (LAP) and liver-inhibitory protein (LIP) forms of the transcription factor are decreased markedly relative to controls. Examination of the expression of C/EBP␣ and C/EBP␦ as well as PPAR␥ (Fig. 6E) demonstrates that these transcription factors were also suppressed in the HuR-depleted cells (for comparison, note that the ␤-tubulin present as a loading control in the Sc lane is decreased relative to the Lipofectamine 2000 lane by 40% in Fig. 6 ). These results provide a strong correlation between the levels of HuR and C/EBP␤ expression displayed in Fig.6 , C and D and the acquisition of the adipocyte morphology displayed in panels A and B of Fig. 6 . Most importantly, these data are consistent with the cellular protein content of HuR controlling C/EBP␤ expression and, thus, the acquisition of the adipocyte phenotype.
DISCUSSION
Our results describe the constitutive expression of the RNAbinding protein HuR in the 3T3-L1 preadipocytes with a modest 3-fold increase in protein content with respect to differentiation. At confluence in the preadipocyte, the majority of HuR protein is retained in the nucleus. However, upon exposure of the cells to the differentiation inducers there is a rapid formation of a nuclear HuR-C/EBP␤ complex followed by a translocation of the complex to the cytosol. When HuR expression was reduced using siRNA, the cells retained their preadipocyte morphology, failed to express normal levels of C/EBP␤, and did not accumulate lipid droplets through a 5-day time course. These observations are consistent with maintenance of HuR protein content and the ability of the cells to express C/EBP␤ and progress through the differentiation program. Importantly, work by others has demonstrated that the differentiation process can be blocked with the reagents leptomycin B (42) or 5-amino-4-imidazolecarboxamide (AICAR) (43) . However, although in both studies differentiation was blocked, the C/EBP␤ protein was expressed at normal (42) to above normal levels (43) . This suggests that suppression of HuR expression results in an inhibition of differentiation a step earlier than the accumulation of C/EBP␤ protein. Our data are consistent with that step involving the HuR-mediated movement of the C/EBP␤ message to the cytosol.
The major pathway proposed to mediate the cytosolic translocation from the nucleus involves recognition of the exonjunction complex by adapter proteins that, in turn, are recognized by specific nucleoporins (20, 23, 26, 39) . However, the C/EBP␤ gene has no introns and must utilize an alternative export mechanism, which is likely mediated by HuR recognition of the 3Ј-ARE (39) . This selection of the C/EBP␤ mRNA by HuR and mediation of its translocation to the cytosol becomes a potentially critical control step in the onset of adipogenesis. In addition, these data are consistent with other models where cytosolic translocation of Hu proteins and their associated mRNAs correlated with the onset of myogenesis or neural development (33, 34) . Previous work from our laboratory demonstrated that ectopic overexpression of neuronal HuB in the 3T3-L1 preadipocytes resulted in an early expression of C/EBP␤ followed by a rapid onset of differentiation and increased deposits of triacylglycerol (29, 40) . These data suggested that an endogenous member of the Hu family may play a role in the temporal control of the differentiation process. The data presented herein would suggest that HuR serves that purpose.
The choice of a ligand mRNA by HuR is a selective process. Neither cyclin D1, an ARE-containing mRNA expressed with the same kinetics as C/EBP␤ (38) , nor GATA3, a message without an ARE, was present in the mRNP complexes. Wang et al. (32) have reported that HuR present in extracts prepared from serum-stimulated RKO cells did not bind to the cyclin D1 ARE in gel shift assays. This was all the more interesting, as previous studies have demonstrated that recombinant HuR would bind to the cyclin D1 ARE in similar gel shift assays, indicating that the metabolic/hormonal state of the cell may control the selection of ligands by the HuR protein. We would suggest that the tight temporal control of specific mRNA selec- tion and translocation to the cytosol during the differentiation process would be an absolute necessity and that these data support the existence of a new control point in the differentiation process.
Upon differentiation, a new distribution of HuR protein is established with as much as 40% of the total remaining in the cytosol, long after the expression of C/EBP␤ has diminished. Our previous work has established that, in the fully differentiated adipocytes, the GLUT1 glucose transporter mRNA is a ligand for HuR and that other ligand mRNAs are selected with respect to the time course of differentiation (41) . 2 We suggest that HuR not only functions in establishing the adipocyte phenotype but aids in its maintenance. 
